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ABSTRACT

Two samples of Mesoporous Silica (MPS) and modified Mesoporous silica (MPS-Cr) were prepared by
the simultaneous hydrolysis and condensation of sodium silicate in the presence of HydroxycetylHydroxy ethyl
Diamonium Chloride surfactantas template. The two adsorbents prepared were characterized by nitrogen
adsorption-desorption, XRD and AFM techniques. The results show a high degree of ordering of the porous
structure. The adsorption behavior of methylene blue (MB) from aqueous systems ontothe two adsorbents
has been studied using a batch experiments method to measure the adsorption as afunction of
contacttime,adsorbent dose, and temperature (288, 298, 308 and 318 K).The equilibrium of the process was
achieved within 120 min. The adsorption of methylene blue onto MPS and MPS-Cr was found to decrease with
increasing temperature which indicating an exothermic process. Adsorptionisotherms were fitted with the
Langmuir, Freundlich, Temkin, and Dubinin —Radushkevich models. The kinetic data were analyzed and found
to match well with pseudo-second order kinetic model. The thermodynamic of the process was also studied
and the results indicate that the AG° and AH°®° were negative indicating the adsorption process was
spontaneous and exothermic in nature.
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INTRODUCTION

Mesoporous silica(MPS) has attracted much interest in the recent years due to their potential in
numerous fields including adsorption, sensing, catalysis and drug delivery applications. Such materials,
characterized by a very high specific surface area and pore volumes,and ordered porous structure [1-4].

In1992, researchers in Mobil Corporation laboratories published a seriesof ordered mesoporoussilica
with pore sizes rangingfrom 1.5-10 nm. The variant called MCM-41with1000 m?g? surface area and
porevolumes up to 1 cm3g?, has been comprehensively studied and widelyapplied in many fields[5]. Templates
with amphiphilic materials are usually used to synthesize MPS materials withordered packed pore structures
[6].Also,block copolymers with much longer hydrophobic chain lengthsthan those used in the synthesis of
MCM-41 have been used to templateordered pore materials with large pores [7].

In addition to preparation of various mesoporous silica structures,incorporation of heteroatoms such
as Cu, Zn, Al, B, Ga, Fe, Cr, Ti, V Snetc. into MPS framework has been widely investigated. The
templatesynthesis of MPS is extended to prepare a various mesoporous metaloxides such as TiO2, Ta20s,
Nb20s, ZrO2, Al2 O3, V20setc. [8-10].

In our laboratory, a various type of mesoporous silica as adsorbents was prepared and characterized
using different techniques [11-13]. Adsorption from solution method was used to examine their adsorptive
removal of some organic pollutants and study the kinetics and thermodynamic of the adsorption process.

Themain objective of this work is to synthesizemesoporoussilica, to modify it by addition of Cr20s, and
to evaluate theadsorption capacity of these mesoporousmaterials with respect to MB dye with acationic
character. A detailed study ispresented defining the different methods ofcharacterization. Thermodynamic
and kinetic studyand that ofadsorption isotherms will alsobe discussed.

EXPERIMENTAL

Chemicals: The materials used in the experiments were as follows:sodium silicate (14% NaOH, 27% SiO2) and
HydroxyCetylHydroxy ethyl Diamonium Chloride (Dehyquart E-CA) were purchased from local
market.Methylene blue and Hydrochloric acid was purchased fromFluka and BDH respectively.

Characterization: The resultant materials were characterized by XRD and N2 adsorption—desorption isotherms.
The adsorption— desorption isotherms of N2 at 77 K were obtained using a Micromeritics ASAP 2020
Instrument. The X-ray diffraction (XRD) patterns were obtained with a Rigakudiffractometer using Cu Ka (A =
0.154 nm) radiation.

Preparation of Adsorbents
Preparation of MPS

An amount of HydroxyCetylHydroxy ethyl DiamoniumChloride (dehyquart) (3.7) g was dissolve in 150
ml of distilled water, and put in a round bottom flask.8.5 mL (1M) H2S04 was added andthe mixture stirring for
1 hour. In 250 ml beaker, 7.5 g of sodium silicate was dissolve in 150 ml of distilled water and was added to the
mixture drop by drop from burette for 3 hours. The white precipitation was formed and then it was recovered
by filtration, washed with water, after aging for one day at 80 'C. After drying at 80 'C the surfactant was
removed by calcinations at 600 'C for 4 hours.

Preparation of MPS-Cr

MPS-Cr adsorbent is a composite of mesoporous silica (SiO2) and Chromium Oxide (Cr20s).The
procedure is as follows and the optimum conditions used are as these used in preparation of (MPS) sample:

A mixture of sodium silicate solution (7.5g in 150ml distilled water), Dehyquart surfactant solution
(3.7 g in 150 ml distilled water), and Chromium nitrate solution (Cr (NO3)3.9H.0)(2.3g in10 ml distilled water)
were put in a round bottom flask. 35 ml of 5M nitric acid was added to the mixture drop by drop from burette
for 3h.
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Adsorption procedure

The adsorption isotherm was constructed using 100 ml of different MB concentration (10, 15, 20, 25,
30, 35, 40 mg/L) with 0.075g of adsorbent. These mixtures were shaken well for 120 minutes to reach
equilibrium. A sample has been pipette and placed in the centrifuge for 10 minutes; the concentrations of the
MB solution before and after the adsorption were determined by UV-Visible spectrophotometer at Amax
664nm.The amount of dye adsorbed was determined by the equation:

Ge<(Co-CV/W  ee- (1)

Where ge is the equilibrium adsorption capacity of MB adsorbed on unit mass of the adsorbent (mg
/g),Coand Ceare the initial MB concentration (mg L) and at equilibrium respectively,V (L) is the volume of MB
solution and W (g) is the weight of adsorbent.

The concentration of MB was measured and the percentage removal (R %) was determined according
to the equation :

R% =(Co—Ce) X 100/ Co - - ---- - 2)

The effect of temperatures on the removal of MB was studied using four temperatures in the range of
(298-328) K using the thermostatic shaker bath.

RESULTS AND DISCUSSION
Adsorbents characterization

X-ray diffraction patterns in the 26 range of 0-10 of synthesized samples MPS and its modification
MPS-Cr are shown in Figure(1) respectively. The patterns show a single, well-resolved, strong diffraction peak
at 20 = 1.9323for MPS sample and 26 = 1.2000 for MPS-Cr sample which shows a high degree of ordering of
the porous structure. This is attributed to the typical diffraction peak of mesoporous SiO2[14]. Thus, it proved
that deposition of Cr203 species did not damaged the porous structure of the MPS support [15, 16]. Using the
related data and Scherer equation (D =0.9 A / B cos 8), where A is wavelength of x-ray (A), B is FWHM (radian)
and 6 is position (radian), the diameter of the crystalline particles are 26.9 nm and 60.46 nm for MPS and MPS-
Cr respectively.

The N2 adsorption - desorption isotherm for MPS sample(Fig. 2) shows that it can be considered type
IV according to the common classification of adsorption isotherms. The hysteresis loop observed are typical for
mesoporous materials and resemble the loops of type H1 according to the IUPAC classification which means
that the adsorbent has a regular cylindrical pore without intersecting channels [17].In addition, the pore size
distribution result (Fig.2) confirms the presence of mesoporosity and have a narrow pore size distribution
(from2to 50 nm).

Figure (3) shows theHistogram of Granularity Distribution for a) MPS and b) MPS-Cr using atomic
force microscopy. We show that the diameter of the particles are in the range65-145nm and average diameter
of particles 87.64nm, for MPS sample while for MPS-Cr composite the figure shows that the particles in range
60-115 nm, and average diameter of particles 72.11nm. The results also show that about 83% and 97% of the
particles were less than 100nm for the samples MPSand MPS-Cr respectively. Comparing the results, one can
see that the granule size of MPS-Cr is smaller than the granule size of MPS.

Adsorption behavior

Effect of adsorbent dose:The experiments were conducted for 30 mg/L concentration of 100 mL MB dye
solution with different amounts (0.010, 0.025, 0.050, 0.075, and 0.10 g) of adsorbents, the maximum dye
removal was achieved within 120 minutes. Figure (4) shows the variation of percentage removal (R %) with the
amount of adsorbent and the results show that the 0.075 g dose gives the best result with R% equal to 84.65%
and72.33for MPS and MPA-Cr respectively. Thereforethe adsorption experiments in this work were performed
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with 0.075 g of the twoadsorbent.Above this dose the percentage of removal was decreased which may be
due to some factors such as: 1-the adsorption competition among the adsorbent, 2-splitting effect of
concentration gradient between dye molecules and adsorbent concentration,3-the adsorption site remains
unsaturated during the adsorption process[18, 19].

The effect of equilibrium time

The effect of contact time on the adsorption of MB on MPS and MPS-Cr is illustrated in Figure (5)
which shows the gradual increase in adsorption with increasing contact time up to 120 minutes in which a
maximum value of adsorption is attained, so all the experiments of adsorption were done at this equilibrium
time.In the initial stage, dye adsorbs quickly where the available active sites on the surface of MPS are large
which cause a fast adsorption with increase in the contact time. The available active site was gradually
decreased leading to the slow adsorption process and taking long time to reach adsorption equilibrium.

Adsorption Isotherm

The adsorption isotherm was constructed using 100 mL of MB solution at seven different
concentrations (10, 15, 20, 25, 30, 35, 40 mg/L) with 0.07g of adsorbent at 298,308,318,and 328K. The amount
of dye adsorbed was determined by the equation (1) while the R% calculated by equation (2), and the results
obtained were listed in Table (1) and given in Figure (6).

The results of Figure (6) indicate that the adsorption capacity decrease with increasing temperature
from 298-328 K showing that the adsorption of MB on MPS is exothermic. This can be explained that when the
temperature increased; 1-the physical bonding between the dye molecules and the adsorbent weakened, 2-
the solubility of MB dye increased which cause the interaction between adsorbate and adsorbent to decrease.
So the Solute was more difficult to adsorb at higher temperature [20].

Three isotherms were analyzed to investigate the adsorption isotherm: Langmuir [21], Freundlich[22]
and Temkin[23] as the following equations:

Ce/Qe = 1/(KLQm) + Ce/qm ------- (3)
Inge=InKe+1/nInCc. e (4)
ge=BInKT+BINC. e (5)

Where, Ki, Ke , and Krare Langmuir isotherm constant (L/mg), Freundlich isotherm constant (mg/g),
and the Temkin isotherm constant respectively. gm is maximum monolayer coverage capacity (mg/g).n is
dimensionless constant related to the intensity of adsorption, or the heterogeneity factor and is not restricted
to the formation of the monolayer. B is a constant equal to RT/br;br is corresponding to heat of adsorption, R
is the universal gas constant and T is Temperature. gm and Kiare determined from the intercept and slope of
plots of Ce/qe versus Ce, n and Kr are determined from the intercept and slope of plots of Inge versus InCe, and
B and Kr are determined from the intercept and slope of plots of ge versus InCe. The best fit model was
selected based on the linear regression correlation coefficient values (R2). The results of such plots are
tabulated inTable (2).

From Table (2), the values of Kr show that the uptake of MB decreases with increase in temperature
indicating the exothermic nature of the adsorption process studied. The values of n are more than 1 suggesting
favorable adsorption of MB on MPS and MPS-Cr. When the value of n in the range (1<n<10) as well as 0<1/n<1
indicating it is satisfying the condition of heterogeneity and positive cooperatively [24].

The results of Table ( 2 ) also show that the experimental data fitted well to the three adsorption
models Langmuir , Freundlich and Temkin, but the Frendlich and Temkin models are slightly better fit to the
data than Langmiur models because the correlation coefficient [R?] values of Langmuir model are lower those
for Freundlich and Temkin models.
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Dubinin-Radushkevich isotherm is another isotherm equation that applied in this study to predict the
type of adsorption. For solid-liquid interaction the linear form of Dubinin—Radushkevich (D-R) isotherm
(equation 4) can be written as follows [25]:

Inge=Ingm— Be*....... (6)
Where € is the Polanyi potential which equal:
e=(1+1/Ce) .......... (7)

Bis a constant related to the adsorption energy (mol? kJ™2). The D-R model is important for predicting
the nature of adsorption process through the determination of the mean adsorption energy (E) using equation
[26]:

E=1/J26 e (8)

The mean adsorption energy E calculated from D-R model for the two adsorbents are in the range
1.00 - 2.272 kJ/mol which reveals that the adsorption of MB onto MPS and MPS-Cr was dominated physical
adsorption since all values of E are less than 8kimol™*[27].

Kinetics Study:Three kinetic models are used; Lagergren-first-order [28], pseudo-second order [29], and Intra-
particle diffusion model of Weber and Morris [30] equationswhich can be expressed as:

Inge - q¢ = Inqe —kat---- - - - (9)
t/qe=1/ (kaqe®) + (1 /qe) t----- - - (10)
qe=kat2+C (11)

Where ki(min), k2 (g mg? min), and ks (mg g* min'Y?) are the rate constants of the pseudo-first
order, pseudo-second order, and intra-particle diffusion kinetics respectively. ge and q: are the amounts of MB
adsorbed on the surface of the adsorbent at equilibrium and at any time (mg g™!) respectively,C is constant. ge
and ki1 are calculated from the intercept and the slope of plots of log (ge - qt) vst( Fig. 7),kz2 and ge are calculated
from the intercept and the slope of plots of t/q: against t( Fig.8), (k¢) can be estimated from the slope of the
linear plot of the amount of solute adsorbed (qge) against square root of time (t*/?) ( Fig. 9).

These models have been used to research the adsorption kinetic behavior of MB (30 mg/L) onto MPS
and MPS-Cr. The best fit model was selected based on the linear regression correlation coefficient values (R?).
The results of such plots are tabulated inTable (3).

From results in Table (3) the correlation coefficient (R?) values obtained from pseudo-second order
kinetic model was higher than that of pseudo first-order which indicate that the adsorption perfectly complies
with pseudo-second order model. Also, it can be seen from the plot of intra-particlediffusion model, the
adsorption was controlled by two stages. The first linear portion was a gradual adsorption where intraparticle
diffusion was the rate determining factor. The second linear portion was the equilibrium stage due to low
concentration of surfactant in the solution phase. As can be seen in the plot, the intraparticlediffusion was not
the rate determining factor as the first linear portion of the plot did not pass through the origin [31,32].

Thermodynamics Analysis

The standard free energy change (AG°), enthalpy change(AH®) and entropy change (AS°) were
determined using the following equations[33]:

AG°= -RT InKeq ------ (12)

InKeg= ASS/R-AHO/RT (13)
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whereKeq is the equilibrium constant which is calculated from the following equation:
Kea= ge(mg/kg) /Ce(mg/L) ~ ------- (14)

The slope and intercept of the van't Hoff plot isequal to-AH/R and AS°/R in which the thermodynamic
parameters obtained aresummarized in Table (4).

The negative valuesof AG® obtained on the adsorption of MB on the two adsorbents indicate the
spontaneous nature of sorption. Thissuggests high preference of methylene blue for MPS and MPS-Cr.
Thenegative values of adsorption enthalpy in the case ofthe two adsorbents show that the adsorption process
isexothermic. The positive values of AS° indicate thedecrease in the order of the system.

(a) | (b)

Figurel. XRD Patterns of (a) MPS, (b) MPS-Cr after calcinations in 20 range (0-10).
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Figure (2) a) N2 adsorption-desorption isotherm b) PZD for MPS sample.
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Figure (7): The pseudo-first order kinetic plot for adsorption of MB on MPS and MPS-Cr at 298 K.
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Figure 8. The pseudo-second order kinetic plot for adsorption of MB on MPS and MPS-Cr at 298 K.
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Figure 9. The intra-particle diffusion model for the adsorption of MB on MPS and MPS-Cr at 298 K.

Table 1. The values of Ce and ge for the adsorption of MB on MPS and MPS-Cr at different temperatures.

sample Co
298 K 308 K 318 K 328K
mg/L
Ce Qe Ce Qe Ce [*T3 Ce [*T3
mg/L mg/g mg/L mg/g mg/L mg/L mg/L mg/L
10 1.00 12.0 1.11 11.85 1.27 11.64 1.38 11.49
15 1.60 17.87 1.77 17.64 1.93 17.44 2.05 17.26
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20 2.38 23.50 2.62 23.17 2.79 22.94 2.90 22.80
MPS 25 3.17 29.11 3.50 28.66 3.65 28.46 3.80 28.26
30 4.61 33.86 5.07 33.24 5.25 33.00 5.38 32.82
35 5.06 39.92 5.61 39.18 5.81 38.92 5.93 38.76
40 7.46 42.39 8.00 42.66 8.18 42.42 8.31 42.25
10 0.53 12.62 1.26 11.92 2.15 10.46 2.25 10.33
MPS-Cr 15 4.38 14.16 3.65 15.13 5.77 12.30 6.00 12.00
20 6.54 17.94 6.01 18.65 7.97 16.04 8.18 15.76
25 8.09 22.54 9.98 20.02 10.17 19.77 11.47 18.04
30 8.30 28.93 12.44 2341 13.06 22.58 13.66 21.78
35 17.08 30.56 16.35 24.86 18.24 22.34 18.91 21.45
40 20.53 32.86 21.01 25.32 20.55 25.93 21.86 24.18
Table 2. The parameters of Langmuir, Frendlich and Temkin models for adsorption of MB on MPS at

different temperatures.

Adsorbent T/ Lungmuir model Freundlich model Temkin model
K Om Ku Ru R? n Kr R? B Kt R?
MPS 298 | 77.01 | 5.50 | 0.0052 | 0.969 | 1.54 | 12.88 0.975 15.99 1.97 0.980
308 | 76.92 5.84 0.005 0.977 | 1.52 11.84 0.982 16.09 1.73 0.982
318 | 83.33 7.33 0.004 | 0.960 | 1.42 10.68 0.975 16.85 1.43 0.948
328 | 90.90 | 8.72 0.003 | 0.938 | 1.37 9.93 0.976 17.64 1.32 0.985
MPS-Cr 298 | 40.00 | 0.192 | 0.672 | 0.907 | 3.62 12.69 0.975 5.67 1.58 0.737
308 | 29.41 | 0.311 | 0.718 | 0.993 | 3.24 10.26 0.989 5.51 1.88 0.974
318 | 33.33 | 0.144 | 0.406 | 0.934 | 2.36 6.97 0.925 7.00 9.58 0.974
328 | 31.25 | 0.140 | 0.877 | 0.941 | 2.50 6.88 0.935 6.33 6.35 0.902
Table (3): Kinetic parameters for adsorption of MB on MPS and MPS-Cr at 298 K.
MPS MPS-Cr
model parameters The value model parameters The value
Pseudo first ge /mgg? 2.72 Pseudo first qe/ mgg? 2.71

order ki min 0.019 order Ki/ min? 0.036

R? 0.766 R? 0.960

Pseudo ge/mg g-1 35.71 Pseudo gesmg gt 32.25

second k2/ 0.0005 second order K2/ 0.0003

order mg g! min?! mgg'min?!
R? 0.947 R? 0.995
Diffusion Kd/ 2.125 Diffusion Ka 1.341
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model mg g'min*/2 model mg gmin%/2
R? 0.905 R? 0.971

Table 4. Thermodynamic parameters of MB adsorption on MPS and MPS-Cr.

MPS MPS-Cr
Co - AH° AS° - AG° Co -AH° AS° - AG°
kJmol? JmolK? kJ.mol* kimol?! | JmoleK? k J mole!
298 | 308 | 318 | 328 298 308 318 | 328
K K K K K K K K

10 10.14 44.03 23.2 | 23. | 24. | 245 | 10 43.56 64.66 249 | 22.8 | 224 | 22.9
7 1

15 7.73 5141 23.1 | 23. | 24. | 246 | 15 17.20 10.95 20.0 | 21.4 | 20.2 | 20.7
5 1

20 6.15 55.67 22,7 | 23. | 23. | 244 | 20 11.72 27.17 19.6 | 20.5 | 20.0 | 20.6
2 8

25 5.48 57.21 225 | 23. | 23. | 24.2 | 25 18.22 19.6 | 19.4 | 20.0 | 20.1
1 6 14.02

30 4.90 57.17 22.1 | 22. | 23. | 23.7 | 30 8.81 34.21 19.1 | 19.2 | 19.7 | 20.1
4 1

35 4,99 57.47 22.2 | 22. | 23. | 239 | 35 12.88 18.86 18.5 | 18.7 | 18.7 | 19.1
6 2

40 2.90 61.96 214 | 21. | 22. | 23.2 | 40 8.48 32.25 18.2 | 18.1 | 18.8 | 19.1
9 6

CONCLUSIONS

the foregoing results of XRDand PZD indicate the presence of mesoporosity in the two samples

prepared and have a narrow pore size distribution (from 2to 50 nm).The results of AFM showthe diameter of
the particles are in the range65-145nm and average diameter of particles 87.64nm, for MPS sample while for
MPS-Cr composite the figure show that the particles in range 60-115 nm, and average diameter of particles
72.11nm. The results also show that about 83% and 97% of the particles were less than 100nm for the samples
MPSand MPS-Cr respectively.The study of MB adsorption on the two adsorbents show the adsorption is
physisorption which is reflected by the values of AH® obtained and D-R equation. Kinetics investigation have
reflected that pseudo-second order kinetics equation is found as the best model for fitting kinetics data and
intraparticle diffusion model is necessary through rate determining step reaction. Thermodynamic data results
obtained has indicated that the adsorption processes are spontaneous and exothermic in nature.
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